Abstract: Modern physiological measurements of ;n vivo basilar membrane displacement response to acoustic, electrical and combined electr-acoustic stimuli have uncovered the coupled nonlinear electromechanical response of cochlear structures. The challenge to modelers is to inco~orate sufficient complexity into the models to accurately predict the response of the cochlea to these various stimuli, under different operating conditions. In this paper, a framework for computational methods is developed which may be directly extended to include complex geometries and nonlinear material responses.
TRODUCTION
Modeling efforts in cochleas mechanics now focus on two main issues. The first is determination of the level of morphological detail of the Organ of Corti (OOC) necessary for accurate response prediction. The second is the nonlinear electromechanical and fluid dynamic behavior of active structures within the cochlea. In this paper, a numerical framework based on a flexible finite element formulation is developed which is able to include geometric complexities and response nonlinearities. Using this formalism, we can arrive at reduced order models starting from morphologically realistic component models of the 00C and atmched structures, The general modeling and numerical methods are first described. Next, our initial work on a specialization to a rectangular idealization is given using both boundary element and finite element solution techniques. Results are given followed by a discussion of future work.
RICAL FRA~WORK

Models:
The basilar membrane (BM) is loaded by the fluid in the scala in the cochlea. The fluid is modeled as incompressible, inviscid liquid. The coupled fluid-structure governing equations may be written symbolically as
where u is the displacement, p is the pressure and fiplri represents the fluid forcing of the structure, r: is the surface where fluid and structural components (e.g., the BM) are in contact. The operator L8 acts on the displacement vector and symbolically represents the differential operator governing the response of the BM and any attached substructures of the 00C. No viscosity is assumed in the fluid, structural damping approximately accounts for those losses (other approaches are also possible [1] ) and n is the normal to fluid loaded surfaces denoted by ra. Any nonlinearity andor activity is described by C8 or through a dependence of the loading term q on displacement and the endocochlear electrical state. Geometric nonuniformity (e.g., radial variations, duct cross sectional property changes) may also be included.
Variational Eauations for Ihe Couuled Svstem:
Once a structural model is given, the variational equations may be obtained for a linear or nonlinear system via integration of the admissible displacement and pressure weighting functions over the fluid-structure domain. Upon introduction of the finite element interpolation functions into the variational equations, a coupled set of matrix equations are obtained
K.(d(t)) + Cd(t)+ M.d(t) + Mf[d(t) = f~(t)~s
mctire coupling mere d is the vector of displacements at each node of the finite element discretization and Mfl represents the added mass resulting from the condensation of the fluid pressure in terms of the structural acceleration. The displacement and pressure will depend on time or frequency (depending on whether we are studying time dependent or time harmonic solutions). The term K8 (d(t)) is the tangent stiffness arising from any linear or possibly nonlinear _ terms (supposed here to be a function of displacement only). In order to solve this system of time dependent nonlinear ODE's, a Newton-Raphson iteration scheme in conjunction with Newark of some other appropriate integrator is required.
S~PL~~D MODEL
Using a rectangular idealization of the unwrapped cochlea, see e.g., [1] and Figure 1 , significant simplification may be obtained. The walls are modeled as rigid except at the basilar membrane surface and at the stapes. We seek unsymmetric solutions of the pressure in the scala media and scala tympani (therefore only one chamber need be modeled in this idealization).
2.54 FEM Model: Introduction of the duct cross-modes into the variational equations (before approximate discretization) reduces the dimensiondity of the discretization but not the dimensionality of the formulation. This technique allows us to introduce variations in the z4irection and in the z-direction geometric quantities (e.g., the height and area of the cochlear duct). Results for this method are presented.
. . ,.,.,.W.. B.,,., m,.,,,". ",:.. *., Figure 1 , Unwrapped, rectangular idealization of the cochlea.
Hybird Boundam ElemenUFinite Element Solution:
For a rectangular cross section (i.e, no variation in the z direction height), a Green's function method may be used to write the surface fluid pressure in terms of the normal displacement, thereby eliminating the need for any discretization in the fluid domain. A novel wave number interpretation of the boundary element formulation for the interior problem results in an efficient method for computation.
By representing the axial dependence of this three dimensional Green's function in wave-number space, a closed form evaluation of the components of the added mass, Mfl, in terms of an arbitrary number of cross-modes is obtained in terms of simple functions.
RESULTS AND DISCUSSION
The results for the 2.54 model are next presented. The surface pressure and velocity amplitude versus axial distance from base to apex is plotted in below, A 15 mode expansion in the cross modes is used to represent the solution. The sharp filtering and detail around the resonance location is displayed by the numerical solution.This paper represents our first effort in the development of a comprehensive three dimensional numerical laboratory for development and testing of cochlear modeling hypotheses. Cochlear modeling must address the issues of the enhanced filtering characteristics now seen in measured data, the root sources of nonlinear response (both the compression of the acoustic signal and the nonlinearity of the system response) and finally the transfer of the acoustic fluid energy to the sensing inner hair cell stereocilia.
